Cellular phosphorylation events during viral infection are necessary for effective viral replication. Encephalomyocarditis (EMC) virus has been used for studies on the molecular mechanisms of viral replication, but little is known about the cellular signaling pathways involved. This investigation was initiated to determine whether mitogen-activated protein kinases (MAPKs), which are central components of signal transduction pathways in the regulation of cell proliferation, play a role in the replication of EMC virus. We examined the phosphorylation of MAPKs, including extracellular signal-regulated kinase (ERK1/2), p38 MAPK, and stressactivated protein kinase 1/c-Jun NH 2 -terminal kinase (SAPK/JNK) in EMC virus-infected L929 cells and found that p38 MAPK and SAPK-JNK, but not ERK1/2, were activated during viral infection. We then examined the effect of these kinases on the replication of EMC virus in L929 cells by using specific inhibitors, including genistein or herbimycin A for tyrosine kinase, SB203580 or SB202190 for p38 MAPK, and PD98059 for ERK1/2. We found that the tyrosine kinase and p38 MAPK inhibitors, but not the ERK1/2 inhibitor, suppressed viral replication and that the inhibitory effect was primarily on viral protein synthesis. Finally, we examined whether p38 MAPK is involved in the translation of EMC viral transcripts by using L929 cells transfected with a gene construct containing the internal ribosomal entry site (IRES) of EMC virus and a luciferase reporter gene. We found that the p38 MAPK inhibitor suppressed the translation of EMC viral RNA. On the basis of these observations, we conclude that p38 MAPK plays a critical role in the replication of EMC virus, probably in the translation of viral RNA.
Encephalomyocarditis (EMC) virus, a member of the Cardiovirus genus of the family Picornaviridae, contains a single copy of a positive-sense RNA genome and causes diseases such as type 1 diabetes, encephalitis, and myocarditis in mice (7, 37, 38) . EMC virus has been widely used for studies on the molecular mechanisms of virus replication, including the transcription and translation of viral RNA (3, 12) . However, little is known about the cellular signaling pathways involved in the replication of EMC virus. It was reported that coxsackievirus infection induced tyrosine phosphorylation of cellular proteins, and this phosphorylation was mediated by Src kinase (15, 16) . Recently, the Src family kinase Lck (p56lck) was found to be required for efficient replication of coxsackievirus B3 both in vitro and in vivo (23) , and replication of coxsackievirus B3 is also dependent on the host cell cycle status (10) . Inhibition of the tyrosine kinase pathway in coxsackievirus-infected cells resulted in the reduction of virus production, suggesting that cellular phosphorylation events during infection may be necessary for effective viral replication.
The mitogen-activated protein kinases (MAPKs), which consist of extracellular signal-regulated kinases (ERK1/2), p38 MAPK, and stress-activated protein kinase 1/c-Jun NH 2 -terminal kinase (SAPK/JNK), are central components of signal transduction pathways in the regulation of cell proliferation and differentiation, cytokine production and apoptosis (11) .
Several viruses can induce the activation of MAPK in infected cells, such as human immunodeficiency virus type 1 (21, 22) , herpes simplex virus type 1 (39) , human cytomegalovirus (31), echovirus 1 (17) , and Sindbis virus (26) . In addition, it was recently shown that the mitogenic Ras/MEK/MAPK pathway contributes to the replication of herpes simplex virus type 2 (32) and influenza virus (29) . However, the precise role of MAPK in the replication of viruses has not been elucidated.
This investigation was initiated to determine whether MAPKs play a role in the replication of EMC virus. We report that EMC virus induces the activation of MAPKs such as p38 MAPK and SAPK/JNK in L929 cells, and the suppression of p38 MAPK by a specific inhibitor (SB203580) results in the inhibition of EMC viral replication, particularly the translation of viral RNA, indicating that p38 MAPK plays a key role in the replication of EMC virus.
MATERIALS AND METHODS

Cells and viruses. L929 cells and HeLa cells were maintained in RPMI 1640
containing 5% fetal bovine serum (FBS), 2 mM L-glutamine, 50 U of penicillin per ml, and 50 g of streptomycin per ml. Monkey kidney (MK) cells were obtained from the American Type Culture Collection (Manassas, Va.) and were maintained in medium 199 containing 1% horse serum, 2 mM L-glutamine, 50 U of penicillin per ml, and 50 g of streptomycin per ml. The D variant of EMC virus was cultured and purified by CsCl 2 gradient centrifugation as described previously (13) . Mengo virus and vesicular stomatitis virus (VSV) were amplified in L929 cells. Coxsackievirus B4 (CVB4) was amplified in MK cells (19) . The titer of each virus was determined, and each virus was kept at Ϫ70°C until use.
Reagents and antibodies. Herbimycin A, genistein, SB203580, SB202190, and PD98059 were purchased from Calbiochem (La Jolla, Calif.). Anti-p38 MAPK phosphospecific antibody, anti-SAPK/JNK phosphospecific antibody, ERK1/2 phosphospecific antibody, and anti-ERK2 antibody were obtained from Calbiochem (for Fig. 1 ) and Santa Cruz Biotechnology (Santa Cruz, Calif.) (for Fig. 3 ). Transfection and luciferase assay. L929 monolayers were grown to 60% confluence in six-well plates. Cells were washed with prewarmed serum-free RPMI 1640 medium (Gibco BRL) and transfected with a 1-ml transfection solution of 37°C serum-free RPMI 1640 containing 4 g of EMC-Luc RNA, which was prepared by in vitro transcription with plasmid DNA, pEMCV-Luc, and 10 l of DMRIE-C transfection reagent (Gibco BRL). Cells were incubated in a CO 2 incubator at 37°C for 30 min. The transfection solution was aspirated and replaced with 2 ml of 5% RPMI 1640 with or without SB203580. The cells were incubated, and samples were prepared for a luciferase assay by using a commercial luciferase assay system (Promega, Madison, Wis.). Briefly, the cells were lysed in lysis buffer as described above, and the lysates were centrifuged for 15 s. The supernatants were removed and stored at Ϫ70°C until use. Lysates were quick thawed immediately in a heating block at 25°C, and 20 l of lysate was added to 100 l of reconstituted luciferase assay reagent. The resulting luminescence was immediately measured with a Turner TD-20E luminometer (Turner Designs, Inc., Sunnyvale, Calif.).
Statistical analysis. Statistical analyses were conducted with Student's t test.
RESULTS
Activation of p38 MAPK and SAPK/JNK in L929 cells infected with EMC virus. We first examined the amplification of EMC viral RNA in EMC virus-infected L929 cells at different times after viral infection by RT-PCR analysis with oligonucleotide primers specific for the major capsid protein, VP1, of the EMC virus. We found that EMC viral RNA was detected within 2 h postinfection and increased to a peak level at 8 h (Fig. 1A) . When we examined the synthesis of EMC viral protein in L929 cells by metabolic labeling with [ 35 S]methionine at 2 to 10 h after infection, we found that the synthesis of EMC viral protein was detected from 6 h after infection and increased thereafter (Fig. 1B) . The synthesis of EMC viral proteins resulted in the shutoff of host protein synthesis from 8 h after infection (Fig. 1B) . To determine whether MAPKs are activated during EMC virus infection, we examined the phosphorylation of MAPKs including ERK1/2, p38 MAPK, and SAPK/JNK in EMC virus-infected L929 cells at 4 to 10 h after infection by immuoblotting the cell lysate with antibodies against phosphospecific ERK1/2, p38 MAPK, or SAPK/JNK, respectively. We found that the phosphorylation of p38 MAPK and SAPK/JNK increased from 6 to 10 h after infection, while the phosphorylation level of ERK1/2 did not increase during infection (Fig. 1C) , indicating that p38MAPK and SAPK/JNK are activated during EMC viral infection.
Inhibition of EMC virus replication in L929 cells by blocking tyrosine kinase or p38 MAPK. To determine whether the activation of MAPKs plays any role in the replication of EMC virus, we examined the effect of these kinases on progeny virus production in EMC virus-infected L929 cells by blocking tyrosine kinase or MAPKs. We infected L929 cells with EMC virus in the presence of the tyrosine kinase inhibitors genistein and herbimycin A at various concentrations and determined the viral concentration in the cell culture supernatant by plaque assay 24 h after infection. We found that genistein inhibited viral replication to 0.5% of the control level (infected cells without tyrosine kinase inhibitor) at a concentration of 50 M, and herbimycin A inhibited viral replication to 10% of that of the control at a concentration of 40 M ( Fig. 2A and   B ). Reduction of progeny virus production by genistein was also observed in EMC virus-infected HeLa cells (Fig. 2C) .
We then determined the effects of various concentrations of p38 MAPK inhibitors (SB203580 and SB202190) or an ERK1/2 inhibitor (PD98059) on progeny virus production (8, 9, 24) . We found that SB203580 and SB202190 inhibited the production of EMC progeny virus to 12% (at 40 M) and 5% (at 30 M), respectively ( Fig. 2D and 2E ), whereas PD98059 showed no effect on the production of progeny virus (Fig. 2F) . We examined whether these inhibitors had toxic effects on the treated cells by examining cell morphology by light microscopy and by testing for cell viability by trypan blue exclusion staining. We found that the inhibitors used, including tyrosine kinase inhibitors, p38 MAPK inhibitors, and ERK1/2 inhibitor, did not show toxic effects on the treated L929 cells (data not shown). These results suggest that p38 MAPK plays an important role in the replication of EMC virus in L929 cells.
To confirm that the p38 MAPK inhibitors that we used truly inhibit the signal pathways, we measured the activities of their downstream elements, such as the phosphorylation of ATF-2, in the presence of these inhibitors. We found that the phosphorylation of ATF-2, which is phosphorylated by the p38 MAPK pathway, was blocked by a p38 MAPK-specific inhibitor (SB203580) in a dose-dependent manner, while the activation of ATF-2 was substantially increased after EMC virusinfection (Fig. 3A) . In addition, the activation of SAPK/JNK was slightly inhibited by treatment with SB203580 (Fig. 3B) , perhaps resulting from the p38 MAPK inhibitor-induced suppression of EMC virus replication. When we examined the phosphorylation of ERK1/2 after treatment with the MEK1 inhibitor, PD98059, we found that ERK1/2 phosphorylation was significantly inhibited by PD98059, but not by SB203580 (Fig. 3C) .
Differential effects of tyrosine kinase and p38 MAPK inhibitors on the replication of Mengo virus, CVB4, and VSV. To examine whether p38 MAPK plays a role in the replication of other picornaviruses or nonpicornaviruses, such as Mengo virus (Picornaviridae, Cardiovirus), CVB4 (Picornaviridae, Enterovirus) and VSV (Rhabdoviridae) in addition to EMC virus, we infected L929 cells with Mengo virus or VSV and MK cells with CVB4 at an MOI of 5 in the presence of the tyrosine kinase inhibitor genistein or the p38 MAPK inhibitor SB203580 and examined the production of progeny virus in the culture supernatant. We found that both genistein and SB203580 inhibited the replication of Mengo virus, while genistein, but not SB203580, inhibited the replication of CVB4 (Fig. 4A and B) . Progeny virus production of EMC virusinfected MK cells was decreased by the treatment of SB203580 (Fig. 4B) . Neither genistein nor SB203580 inhibited the production of progeny virus in VSV-infected L929 cells (Fig. 4C) .
Effects of p38 MAPK inhibitor on viral RNA transcription and viral protein synthesis. Because SB203580 inhibited EMC viral replication in L929 cells, we determined which phase of the replication cycle, viral transcription or translation, is affected. To examine the effect of SB203580 on the synthesis of viral RNA, we infected L929 cells with EMC virus at an MOI of 5, incubated the cells for 8 h, and then replaced the medium with medium containing SB203580. The amount of accumulated EMC viral RNA was measured by RPA 0 to 5 h after addition of SB203580. Significant inhibition of viral RNA syn-
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To examine the effect of SB203580 on EMC viral protein synthesis, we performed Western blot analysis to measure the accumulated amount of viral protein in lysates of EMC virusinfected L929 cells after treatment with SB203580. After 1 h of SB203580 treatment, we found that accumulated protein synthesis in EMC virus-infected cells was reduced by 25% compared to that in untreated cells (Fig. 5B) . To measure ongoing protein synthesis, we immunoprecipitated [ 35 S]methionine-labeled cell lysates with anti-EMC viral antibody. After 1 h of SB203580 treatment, we found that ongoing protein synthesis in EMC virus-infected cells was reduced by 59% compared to that of untreated cells (Fig. 5C ). These results indicate that viral translation may be the first step of EMC viral replication that is affected by the suppression of p38 MAPK.
To further determine whether p38 MAPK is involved in the translation of EMC viral transcripts, we transfected L929 cells with RNA from a construct containing the IRES of EMC virus and a luciferase reporter gene (EMC-Luc) and examined luciferase activity in the presence or absence of SB203580. The expression of luciferase from EMC-Luc RNA increased rapidly from 3 to 6 h and reached a maximal level at 9 and 12 h after transfection (Fig. 6A) . The expression of luciferase was significantly inhibited in the presence of SB203580 during the experimental period. Moreover, luciferase activity was reduced in a dose-dependent manner in transfected cells treated with SB203580 and was almost equivalent to that of the untransfected control at 40 M SB203580 (Fig. 6B ).
To examine whether there is any effect of SB203580 treatment on host cellular protein synthesis, we transfected L929 cells with EMC-Luc RNA, labeled them in vivo with [ 35 S]methionine in the presence of SB203580 at 24 h after transfection, and examined protein synthesis by SDS-PAGE analysis. We found that treatment of the cells with SB203580 at the concentrations used in this experiment (10 to 40 M) did not affect host protein synthesis (Fig. 6C) .
DISCUSSION
Viral infections of cells are known to result in activation of intracellular signaling molecules that can affect cellular function and viral replication. Many viruses have been shown to induce MAPK signaling pathways in infected host cells (4, 5, (29) (30) (31) . Recently, we showed that infection of macrophages with EMC virus results in activation of Src kinase, particularly p59/p56 Hck, which results in the production of the inflammatory molecules tumor necrosis factor alpha and nitric oxide, which contribute to the destruction of pancreatic ␤ cells (6, 14) . Blocking this signaling pathway by treatment with the Src kinase inhibitor PP2 suppressed production of these inflammatory molecules and protected ␤ cells from destruction, resulting in significant prevention of EMC virus-induced diabetes in mice (6) . In this study, we investigated the role of MAPK signaling pathways in the replication of EMC virus.
First, we examined whether MAPKs, including ERK1/2, p38 MAPK, and SAPK/JNK, are activated during the course of EMC viral infection in L929 cells and found that p38 MAPK and SAPK/JNK, but not ERK1/2, were clearly activated. We then asked whether the activation of p38 MAPK in the infected cells is due to binding of the EMC virus to a cellular receptor or replication of the virus within the cells. When we treated L929 cells with cycloheximide to inhibit protein synthesis, p38 MAPK was not activated in the infected cells. In addition, p38 MAPK was not activated in cells exposed to UV-irradiated EMC virus (data not shown). These results indicate that activation of p38 MAPK is not due to binding of the virus to the cells, but to actual replication of the virus within the cells. However, it is not known how p38 MAPK is activated in EMC virus-infected cells. There is some evidence for cross talk between viral proteins and cellular signaling in picornaviruses. Poliovirus 3D pol interacts with the cellular adapter protein, Sam68, which is a target for Src-like tyrosine kinase during mitosis (25) the activation of p38 MAPK in EMC virus-infected cells remains to be determined. Second, we determined whether EMC virus-induced MAPKs are involved in viral replication by examining the effects of various tyrosine kinase and MAPK inhibitors on the production of EMC progeny virus. We found that the tyrosine kinase inhibitors genistein and herbimycin A inhibited virus production in L929 cells. EMC virus production was also inhibited by the p38 MAPK inhibitors SB203580 and SB202190, but not by the ERK inhibitor PD98059. In contrast, it has been reported that ERK activation plays an important role in the replication of visna virus and influenza virus. The inhibition of visna virusinduced ERK1/2 activation by treatment with PD98059 reduced the expression of gag and env mRNAs, resulting in the inhibition of virus production (2) . Inhibition of the Ras/MEK/ ERK signaling pathway by treatment with U0126, a MEK inhibitor, in influenza virus-infected cells interfered with the nuclear export of viral ribonucleoprotein complexes (RNPs), resulting in the concomitant inhibition of virus production (29) . It is apparent that there is virus specificity in the action of MAPK inhibitors, because the ERK inhibitor did not show any inhibitory effect on the production of EMC virus, but did show a clear inhibitory effect on the production of visna virus and influenza virus. In addition, the effect of the MEK inhibitor PD98059 on the replication of visna virus was different from that of the MEK inhibitor U0126 on the replication of influenza virus. The mechanism involved in this virus specificity is not known, although it is probably due to differences in the signaling pathways involved in the replication of each virus. Nevertheless, it is clear that MAPKs are truly involved in the replication of EMC virus in L929 cells.
FIG. 2. Effects of tyrosine kinase inhibitors and MAPK inhibitors on replication of EMC virus. L929 cells (A, B, and D to F) or HeLa cells (C) were infected with EMC virus (MOI ϭ 5) in the presence of the indicated concentrations of genistein (A), herbimycin A (B), genistein (C), SB203580 (D), SB202190 (E), or PD98059 (F) or in the absence of inhibitor (control [Cont]). At 24 h after infection, progeny virus was determined
Third, we examined the effect of the p38 MAPK inhibitor SB203580 on the replication of other picornaviruses, such as Mengo virus (a cardiovirus) in L929 cells and CVB4 (an enterovirus) in MK cells. We found that SB203580 inhibited the replication of Mengo virus, but not the replication of CVB4, suggesting p38 MAPK is involved in the replication of cardioviruses such as EMC and Mengo virus, but not all picornaviruses. We also examined the effect of SB203580 on a nonpicornavirus, VSV (a rhabdovirus), in L929 cells and found that the p38 MAPK inhibitor had no inhibitory effect on VSV replication. Taken together, the effect of p38 MAPK on viral replication appears to be virus specific, rather than cell specific. However, further studies of this specificity involving several different virus families and different cell types are needed prior to making any definite conclusion.
Finally, we determined which step of EMC viral replication is affected by p38 MAPK by using its specific inhibitor, SB203580. As shown in Fig. 5 , we found that p38 MAPK inhibitor clearly blocked both EMC viral protein synthesis and transcription. It was not surprising that treatment of EMC virus-infected cells with p38 MAPK inhibitor reduced viral transcripts as well as proteins, because viral transcription and translation are closely related in the replication of picornaviruses. Therefore, the role of p38 MAPK in EMC viral translation could not be clearly demonstrated with a model of natural infection. Since the inhibition of EMC viral protein synthesis was observed earlier than the inhibition of EMC viral transcription, we suggest that inhibition of viral RNA synthesis in p38 MAPK inhibitor-treated cells might be a secondary effect resulting from the inhibition of viral protein synthesis. However, our study does not exclude the possibility of direct effects of the inhibitor on EMC viral RNA transcription.
Translational initiation of EMC viral RNA is known to be mediated by a cap-independent mechanism, which requires the IRES in the 5Ј untranslated region (12) . Therefore, to determine whether p38 MAPK inhibitor has a direct effect on the translation of EMC viral RNA, we examined the translation activity of IRES in L929 cells transfected with RNA from a reporter gene construct containing the IRES of EMC virus and the luciferase gene after treatment with SB203580. We found that p38 MAPK signaling is directly involved in the translation of EMC viral RNA through the IRES of the EMC virus. In several picornaviruses, including EMC virus, the internal entry process of ribosomes requires the cellular polypyrimidine tract-binding protein (PTB) (12, 28) , eukaryotic initiation factors (eIFs) (27) , and IRES-specific cellular transacting factors (ITAFs) (20, 28) . Therefore, the activation of p38 MAPK by EMC virus infection may phosphorylate these cellular factors and consequently affect the translation of EMC viral proteins. This hypothesis is supported by the recent observation that the phosphorylation of eIF4E in mouse hepatitis virus-infected cells was p38 MAPK dependent (1). However, whether cellular factors are truly modulated by p38 MAPK signaling pathways in EMC virus-infected cells remains to be determined.
In conclusion, EMC virus induces the activation of a central component of a signal transduction pathway, p38 MAPK, in L929 cells and suppression of p38 MAPK activity by a specific inhibitor results in inhibition of EMC viral replication. p38 MAPK appears to play a critical role in translation of the EMC viral transcript, because blocking the p38MAPK pathway inhibits the translation of EMC viral RNA, and the p38 MAPK signaling pathway may be associated with modulation of cellular proteins that bind to the IRES. 
